Dimers of carbon disulfide (CS 2 ) molecules embedded in helium nanodroplets are aligned using a moderately intense, 160 ps, non-resonant, circularly polarized laser pulse. It is shown that the intermolecular carbon-carbon (C-C) axis aligns along the axis perpendicular to the polarization plane of the alignment laser pulse. The degree of alignment, quantified by cos 2 θ 2D , is determined from the emission directions of recoiling CS + 2 fragment ions, created when an intense 40 fs probe laser pulse doubly ionizes the dimers. Here, θ 2D is the projection of the angle between the C-C axis on the 2D ion detector and the normal to the polarization plane. cos 2 θ 2D is measured as a function of the alignment laser intensity and the results agree well with cos 2 θ 2D calculated for gas-phase CS 2 dimers with a rotational temperature of 0.4 K. * henriks@chem.au.dk 1 arXiv:1901.03184v1 [physics.chem-ph]
I. INTRODUCTION
Recently, it has been shown that techniques used to align gas-phase samples of molecules based on the application of moderately intense laser pulses can be transferred to molecules inside helium nanodroplets [1] [2] [3] [4] [5] . This creates several new opportunities. Firstly, timeresolved imaging of molecular rotation, induced and probed by fs laser pulses makes it possible to investigate how rotational quantum coherence, angular momentum, and energy are influenced by a dissipative environment [1, 3, [6] [7] [8] [9] [10] [11] [12] . Secondly, the 0.4 K temperature of He droplets is shared with the molecules residing inside the droplets [13] . Such a low temperature is highly beneficial for creating very strong alignment -not just for small molecules [4] but also for larger species [14] , which can otherwise be difficult to effectively cool in the gas phase [15] . Thirdly, the cold and dissipative environment of the He droplet provides unique opportunities for creating a variety of complexes of molecules and atoms [16, 17] . Recently, it was shown that laser-induced alignment can also be applied efficiently to molecular complexes inside He droplets [18, 19] . The high degrees of alignment made it possible to determine the structure of the molecular complexes by means of Coulomb explosion imaging induced by a high-intensity femtosecond laser pulse. Here we present a follow-up to our previous study of the CS 2 dimer [19] , examining the alignment behaviour of the dimer in more detail.
Alignment of molecules using linearly polarized laser pulses results in the confinement of the most polarizable axis of a molecule to the polarization axis of the aligning laser field and creates one-dimensional alignment [20] . This has been the most common use of laserinduced alignment in many prior studies. The most polarizable axis provides a 'handle', which can be used to hold the molecule in advantageous spatial configurations using the alignment laser field [21] . However, it is also possible to align a molecule using a circularly (or elliptically) polarized laser field, which provides different handles and allows the molecule to be held in other spatial configurations than are possible with a linearly polarized field.
Specifically, using a circularly polarized alignment field results in the alignment of the least polarizable molecular axis to the propagation axis of the alignment laser field [22] . This can be equivalently thought of as alignment of the most polarizable molecular plane to the polarization plane.
Our previous study of the CS 2 dimer solvated in He droplets [19] showed that it was possible to form, align, and image CS 2 dimers inside He droplets. Analysis of the recoil directions of CS + 2 ions produced by Coulomb explosion of aligned CS 2 dimers showed that the structure of the CS 2 dimer in the He droplets was cross-shaped with D 2d symmetrywhich is also the structure in the gas phase [23, 24] . Central to that study was the alignment of the CS 2 dimer (a symmetric top rotor) using a circularly polarized laser pulse. In the current work, we perform a detailed study of the intensity-dependent alignment of the CS 2 dimer in He droplets using a circularly polarized laser pulse. The alignment pulse duration of 160 ps places the alignment dynamics in the (quasi-) adiabatic regime. To our knowledge very few studies so far have addressed alignment of symmetric top molecules with a circularly polarized alignment pulse, and only in the nonadiabatic limit using femtosecond alignment pulses [22, 25] .
II. BACKGROUND A. Experimental Methods
The experimental setup used to align and image the CS 2 dimers has already been described in detail elsewhere [4, 19] , with only relevant details reiterated here. The CS 2 molecules were embedded in He droplets consisting of around 8000 He atoms on average.
The droplets are passed through a pickup cell containing CS 2 vapor, and the partial pressure of CS 2 was adjusted to a regime where substantial amounts of dimers (but minimal amounts of larger clusters) were formed. This is defined as the dimer-doping-condition -in line with previous work [19] . The doped droplet beam is then intersected at 90°by two focussed laser beams from the same Ti-Sapphire laser system. One beam consists of 160 ps (FWHM) pulses (λ center = 800 nm) and is used to align the CS 2 dimers. The other beam consists of 40 fs (FWHM) pulses (λ center = 800 nm), and is used to Coulomb explode the dimers. The intensity of the probe pulses was 3 × 10 14 W/cm 2 , and the intensity of the alignment pulses was varied, up to a maximum value of 8 × 10 11 W/cm 2 . The temporal overlap of the two pulses was such that the probe pulse arrived at the peak of the alignment pulse. The nascent CS + 2 ions were projected onto a 2D imaging detector using a VMI spectrometer, and ion images were recorded. The CS 2 dimer is a prolate symmetric top with a 90
• angle between the two monomers, and in this case the symmetric top axis (the C-C axis) is placed along the y axis. The polarizability elements of the dimer are annotated on each molecular axis. In this case, the polarizability elements of the dimer were calculated simply by addition of the polarizability elements of the two monomers. This method neglects any orbital interaction between the two monomers, but will not qualitatively change the polarizability elements of the dimer, so is a reasonable first approximation to the true polarizability.
B. Alignment Theory
The methodology and theory for alignment of molecules induced by strong laser fields has been described in several reviews [20, 26, 27] . Here we specifically consider the alignment of a symmetric top molecule using a circularly polarized laser pulse [22, 25] . The interaction potentialV (t) of a symmetric top molecule with a circularly polarized alignment field is given by [28] :
where E 0 (t) is the electric field envelope of the alignment laser field; α is the polarizability of the molecule parallel to the symmetric top axis; α ⊥ is the polarizability perpendicular to the symmetric top axis; and θ is the angle between the symmetric top axis and the normal to the polarization plane of the laser field. The alignment behaviour is determined by the sign of the polarizability anisotropy, α -α ⊥ . If α < α ⊥ , which is typically the case for oblate symmetric top molecules like benzene (C 6 H 6 ), ammonia (NH 3 ) or boron trifluoride (BF 3 ), the potential is at a minimum when θ = 0°and the interaction between the laser field and the molecule should lead to alignment of the symmetric top axis along the normal vector of the polarization plane, i.e. the propagation direction of the laser field. This has been illustrated for benzene molecules using nonadiabatic alignment induced by a 250 fs alignment pulse [22] . In contrast, if α ⊥ < α , which is typically the case for prolate symmetric top molecules like methyl iodide (CH 3 I) or acetonitrile (CH 3 CN), or for linear molecules, then the potential is at a minimum when θ = 90°. In this case the symmetric top axis will be confined to (but randomly oriented in) the polarization plane.
For the CS 2 dimer α < α ⊥ ( Fig. 1 (b) ), although it is a prolate symmetric top. Thus, the expectation is that a circularly polarized alignment field will align the C-C axis (the y axis)
along the propagation direction of the laser beam (the Y axis). A sketch of the combined space-fixed and molecule-fixed coordinate systems, and an illustration of the angle θ, is given in Fig. 1 (c) .
C. Computational Methods
Recently, angulon theory [11, 12] was used to rationalize that for the 160 ps alignment pulse used here, alignment of I 2 , 1,4-diiodobenzene, and 1,4-dibromobenzene molecules inside
He droplets is well-described as alignment of gas-phase molecules with an effective rotational constant [4] . Qualitatively, this can be understood using the fact that the turn-on time of the alignment pulse is longer than the timescale of the He-He interactions and the Hemolecule interactions. Therefore, a molecule and its solvation shell of He atoms has time to adjust as the laser field increases in strength. The CS 2 dimer is expected to behave similarly and thus we apply gas-phase alignment theory to calculate the degree of alignment of the dimer induced by the circularly polarized alignment pulse. In practice, the calculations were performed using an alignment calculator previously developed in our group [29] . This calculator solves the time-dependent rotational Schrödinger equation and returns the degree of alignment expressed as cos 2 θ or cos 2 θ 2D . Here, θ 2D is the angle between the projection of the molecular C-C axis on the detector plane and the laser propagation axis. Calculation of cos 2 θ 2D allows direct comparison of the calculations with the experimental data.
Strictly, the alignment calculator can only simulate alignment of linear or symmetric top molecules with α > α ⊥ using linearly polarized alignment fields where the interaction potential is given by [30] :V
Comparison of Eq. 1 and Eq. 2 shows that for a symmetric top molecule where α ⊥ > α the angle-dependent part of the interaction potential induced by a circularly polarized field is the same as that for a linear molecule induced by a linearly polarized field. For the CS 2 dimer α ⊥ > α . This means that the alignment calculator can be used to calculate the degree of alignment of the CS 2 dimer induced by the circularly polarized field. We note that experimentally the peak intensity, I 0 , is determined. For a circularly polarized field the relation to the amplitude of the electric field, E 0 , is given by I 0 = ε 0 cE 2 0 . A detailed description of the alignment calculator can be found in reference [31] , with only relevant parameters mentioned here. Calculations were performed at a variety of ensemble temperatures (see later), using the experimentally measured Gaussian focal spot-sizes for both the alignment (ω 0 = 35 µm) and probe (ω 0 = 25 µm) beams. The degree of alignment was calculated using both the polarizability anisotropy determined by addition of the monomer polarizabilities (α =10.8 A 3 , α ⊥ =19.9 A 3 ), and that calculated using densityfunctional theory (DFT -wB97XD/aug-pcseg-2) (α =12.0 A 3 , α ⊥ =17.5 A 3 ) [19] . The effective rotational constant of a single CS 2 molecule inside He droplets has been calculated to be 0.3B 0 [32] , where B 0 is the gas-phase rotational constant (0.109 cm −1 ). A similar reduction is assumed for the CS 2 dimer, thus the rotational constants used in the calculation are A = 0.0182 cm −1 , B = C = 0.012 81 cm −1 , where A is calculated around the molecular y axis, and B and C are calculated around the molecular x and z axes respectively. We note that in the (quasi-) adiatbatic limit defined by the 160 ps pulses the degree of alignment is (1)- (9) was recorded at a different alignment intensity, annotated above each column.
very insensitive to the rotational constant, being essentially only determined by the polarizability anisotropy, rotational temperature of the molecular ensemble and the intensity of the alignment pulse [33] .
III. RESULTS
Each column of Fig. 2 shows both a CS + 2 ion image (row (a)), and corresponding angular covariance map (row (b)). The angular covariance map [34] was calculated over all ion hits outside of the annotated yellow circle on the ion image -this ensures that the covariance map is calculated using ion events arising from the Coulomb explosion of CS 2 dimers -as discussed in previous work [19] . The Coulomb explosion channel considered here is the one resulting from repulsion of two CS + 2 ions created when each of the two CS 2 molecules in the dimer are singly ionized by the probe laser pulse. The ion signal inside the yellow circle arises from single ionization of CS 2 monomers. In all images, the probe pulse was linearly polarized along the X axis (shown in the lower left corner of each ion image), and the alignment pulse was circularly polarized in the XZ plane (shown in the lower right corner of each ion image).
The alignment intensity used to record each image is shown above each column, and was incremented from 0 TW/cm 2 (column 1) to 0.82 TW/cm 2 (column 9).
The ion signal outside the annotated yellow circle in images (a1)-(a9) of Fig. 2 moves from being isotropic (a1), to being strongly confined along the Y axis (a9) as the alignment intensity is increased from zero to its maximum value. This confinement is also reflected in the corresponding angular covariance maps (b1)-(b9), where the covariance signal changes from being a uniform line centered at θ 2 = θ 1 +180°or at θ 2 = θ 1 −180°(panel (b1)), to a confined island centered at (90°,270°), and the equivalent island at (270°,90°) (panel (b9)). It is clear from both the ion images and covariance maps that the degree of alignment increases as the alignment intensity is increased from column (1) to column (9) , and that the degree of alignment appears to saturate at around column (5) -increasing the intensity beyond this level does not seem to dramatically increase the observed degree of alignment. This can be quantified by calculating cos 2 θ 2D -but it is useful to first consider the explosion process in He droplets in more detail.
Prior studies of aligned molecules in He droplets have shown that the recoil trajectories of the nascent ion fragments following Coulomb explosion are distorted due to scattering off the He atoms as they exit the droplet. This results in Non-Axial Recoil (NAR), where the recoil trajectories of the nascent ions no longer directly reflect the alignment of the molecular axis they recoiled from. In studies of laser-induced alignment inside He droplets, calculating cos 2 θ 2D from an ion image without correcting for NAR leads to an underestimate of the true degree of alignment. However, the effect of the NAR can be determined from the correlation between the fragment ions (here the CS + 2 ions) using covariance analysis, and deconvoluted from the fragment angular distributions, allowing the true degree of alignment to be obtained [35] . This has been implemented in the study of aligned molecules in He droplets previously [4] . temperatures, the polarizability anisotropy was chosen to be that which was calculated using DFT.
IV. DISCUSSION
Examining Fig. 3 (a) , several observations can be made. Firstly, it is clear that the observed degree of alignment rapidly increases as the alignment intensity is raised, before levelling out at higher intensities. Secondly, the deconvoluted data (black crosses) shows a higher degree of alignment than the data obtained directly from the ion images (grey crosses), as is expected due to the NAR in He droplets. Accordingly, the deconvoluted data is a better match to the simulated traces than the non-deconvoluted data. Additionally, the simulated trace that best matches the experimental data is the one employing a polarisability anistropy calculated by DFT methods, rather than that calculated via addition of the polarizability tensors of the two monomers.
The polarizability anisotropy calculated by DFT compared to the anisotropy calculated via addition of the polarizability tensors of the two monomers. This implies that there is some electronic (orbital) interaction between the two CS 2 units in the dimer, as the simple addition of polarizability elements neglects this. The electronic interaction lowers the overall polarizability anisotropy as the electron density in the region between the two CS 2 molecules is increased. This suggests that the interaction between the two CS 2 monomers has some orbital character -in addition to the expected (non-orbital) van der Waals interaction [36] .
The sensitivity to the polarizability anisotropy in this way illustrates the potential utility of laser-induced alignment as a diagnostic tool for studying non-covalent interactions and that it may be possible to gain some deeper insight into the electronic structure of such complexes with further study.
Turning to Fig. 3 (b) , it appears that the experimental data corresponds well to the simulated data using an ensemble temperature of between 0.3 and 0.5 K. This agreement implies that the alignment of the CS 2 dimers in the He droplets is well described by alignment of a 0.4 K ensemble of gas-phase CS 2 dimers. This is completely in line with the expected temperature of the dimers inside the He droplets [13] .
V. CONCLUSION
We have shown that the C-C axis of CS 2 dimers embedded in He droplets can be tightly to the 0.4 K environment we believe that the high degree of alignment enabled by the low temperature can be obtained for a wide variety of species. This will prove advantageous for applications that benefit from such rigorous control of the molecular frame, including
